The modification of cytosolic proteins with polyubiquitin chains targets them for recognition and degradation by the multisubunit proteolytic particle, the 26S proteasome.
endoctosis

BACKGROUND
The first evidence that plasma membrane proteins are modified with ubiquitin appeared more than 10 years ago when several growth factor receptors were purified.
Microsequencing of purified platelet-derived growth factor (PDGF)2 receptors and growth hormone receptors (GHR) revealed two amino-terminal sequences, one of which corresponded to the sequence of ubiquitin (3, 4 Binding of a-factor to its receptor stimulates a signaltransduction pathway that leads to the changes in gene expression and cell morphology necessary for mating, and increases the internalization rate of the receptor by -10 fold. Pheromone binding also induces modifications of the receptor cytoplasmic tail. Some years ago it was demonstrated that the receptor tail becomes hyperphosphorylated on serine and threonine residues (17). More recently, pulse-chase analysis of cell surface Ste2p stimulated with a-factor revealed the accumulation of high molecular weight bands of the receptor in an end4 mutant that cannot internalize the protein from the cell surface. These high molecular forms migrated -9 kDa apart and could be specifically precipitated with anti-ubiquitin antiserum, demonstrating that the a-factor receptor undergoes ligand-stimulated ubiquitination at the cell surface (18).
Though the ubiquitination of cytosolicproteins is well characterized as a signal for degradation by the proteasome, mutants that carry defective proteolytic subunits of the proteasome degrade cell surface Ste2p with the same kinetics as wild-type cells. In contrast, mutants that lack active vacuolar hydrolases do not degrade the receptor even after long periods of exposure to the a-factor (18). Thus, it is clear that the receptor is degraded exclusively in the vacuole and that ubiquitination of Ste2p does not target it for degradation by the proteasome. To determine the function of Ste2p ubiquitination, the behavior of the Ste2p-ct-factor complex was analyzed in mutants that lack ubiquitin-conjugating machinery.
Ubiquitin is joined to proteins via an isopeptide bond linking the carboxyl-terminal ubiquitin glycine to the E-amino group of lysineresidues in the substrate.This process requires the sequential action of two or three enzymes. A ubiquitin-activating enzyme (El) first forms a high-energy thioester bond to ubiquitin in an ATP-dependent reaction. Ubiquitin is then transferred to a target protein by the action of a ubiquitin-conjugating enzyme (E2), which in some cases works together with a ubiquitin protein ligase (E3) (reviewed in refs 19, 20) . Thirteen ubiquitin-conjugating enzymes, encoded by UBC genes, have been identified in yeast. Mutants that lack multiple enzymes of the Ubcl/Ubc4/Ubc5 family are unable to ubiquitinate Ste2p in response to a-factor binding and show severe defects in their ability to internalize radiolabeled a-factor (18). These experiments suggested that ubiquitination of the a-factor receptor is required for its internalization.
The ubiquitination of proteins must occur on lysine residues because the E-amino group of this amino acid is essential for conjugation.
The wild-type a-factor receptor tail carries seven potential ubiquitination sites. Mutation of single lysine residues within the full-length tail has little effect on receptor internalization kinetics. However, sequential mutation of the tail lysines to arginine reduces the internalization rate, and a receptor that lacks the seven carboxyl-terminal lysines internalizes a-factor -6-fold slower than the wild-type receptor u.Terrel l, S. (Fig. 1) .
Ubiquitin-dependent internalization of the uradil permease
The uracil permease is a plasma membrane protein encoded by the FUR4 gene that is required for the uptake of uracil by Saccharomyces cerevisiae. It spans the membrane 10 times with cytosolic amino and carboxyl termini and a large intracellular loop (22). Uracil permease is constitutively turned over at a low basal rate and more rapidly down-regulated by conditions of stress or by an abundance of uracil in the growth medium (23; C. Volland and R. HaguenauerTsapis, personal communication).
Like the a-factor receptor, the down-regulation of this protein is achieved by endocytosis of the permease and its transport to and degradation in the yeast vacuole (23, 24).
Several years ago this protein was reported to carry a consensus "destruction box" of the type that mediates the ubiquitin-dependent destruction of cyclins; a mutation within the destruction box decreases the rate of stress-induced permease internalization (25 
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The FASEB journal HICKE Although monoubiquitinated proteins, most notably histones H2A and H2B (51), have been described previously, monoubiquitination of the a-factor receptor reveals a function for this type of ubiquitin modification. The cell may monoubiquitinate, rather than polyubiquitnate, the receptor as a protection mechanism to avoid recognition of stimulated receptors by the proteasome. Partial degradation of the stimulated a-factor receptor cytoplasmic tail by the proteasome might leave an active form of the receptor at the cell surface that is unable to be internalized and appropriately down-regulated. A predominant modified form of the T cell receptor subunit is also the monoubiquitinated species (7, 52), suggesting that monoubiquitination on one or more lysines may function to regulate other ubiquitinated cell surface receptors.
In One cell surface protein for which ubiquitination may play a role in its activation, rather than its downregulation, isthe FCERI receptor. This receptor undergoes ubiquitination of its cytosolic domain upon the cross-linking of bound IgE with antigen. Though little is known about the stability of this protein at the plasma membrane, there isno evidence for selective degradation of stimulated receptors, and it becomes rapidly deubiquitinated upon removal of the crosslinking agent. This suggests a role for ubiquitin modification in the signaling function of the receptor (8). for their signaling activity, may occur rapidly via the proteasome, whereas the membrane and extracellular portions of the molecule may be destroyed in the lysosome after transport through the endocytic pathway (57) (Fig. 3) .
CURRENT ISSUES AND CONTROVERSIES
Ubiquitination of mammalian G-protein-coupled receptors?
The two G-protein-coupled receptors expressed in S. cerevisiae-a-factor and a-factor receptors-undergo ubiquitin-dependent down-regulation by endocyto- and induces their ubiquitination on cytosolic domains. Ubiquitination of the receptor may lead to its partial degradation by the proteasome, which would result in rapid inactivation. Ubiquitination of the receptor or another component of the endocytic machinery, such as Epsl5, may be required instead of, or in addition to, tyrosine-based or di-leucine-based internalization signals for receptor endocytosis. Internalization of the activated, ubiquitinated receptor results in its diversion from a recycling pathway into a pathway that leads to the lysosome and results in total degradation of the receptor. Ubiquitin may also function in this sorting step, which occurs at the early endosome.
example, the 32-adrenergic receptor is recycled from endosomes to the cell surface to function again (69, 70), whereas the thrombin receptor is targeted to the lysosome for degradation (71 is sufficient for rapid a-factor receptor internalization and for a significant rate of permease internalization, monoubiquitination is probably the "basic unit" internalization signal. The uracil permease is larger and spans the membrane more often than the a-factor receptor (see Fig. 2) The site of ubiquitin modification within a protein may also influence ubiquitination.Many of the seven lysineswithin the a-factor receptor tailcan serve as acceptors of ubiquitination that regulate internalization; however, two of these lysines are preferred sites (J. Terrell and L. Hicke, unpublished data). The primary sequences surrounding these sites share little in common, although secondary or tertiary structural features may be more important.
Mechanism of ubiquitin-dependent internalization
Now that a function for ubiquitin in the endocytosis of cell surface proteins has been defined, a major question is how ubiquitin signals the internalization of membrane proteins into the endocytic pathway. Ubiquitin targets cytosolic proteins to the proteasome by binding a specific subunit (or subunits) of the proteasome regulatory complex (43, 77). An appealing model for the action of ubiquitin as an internalization signal is that a component of the endocytic machinery exists that specifically recognizes monoubiquitin or diubiquitin chains on a plasma membrane protein, perhaps analogous to the "polyubiquitinreceptor" component of the proteasome. Recognition of a ubiquitinated cellsurface protein by this factor (a "monoubiquitin receptor") would then initiate or facilitate its interaction with a protein complex or a plasma membrane domain that is necessary for internalization.
Recognition of the ubiquitin tag may require its context within cytoplasmic domain sequences of the modified protein or the ubiquitin moiety alone may be recognized.
Alternatively, monoubiquitination may lead to the exposure of a recognition tag within the modified protein. 
Itispossiblethat ubiquitination
of cell surface proteins promotes their localization to subdomains of the plasma membrane that are competent to endosignal may act in trans or be required together with another signal in mammalian cells. The EGF receptor carries tyrosine-based internalization
